The latency-associated nuclear antigen (LANA) of Kaposi's sarcoma-associated herpesvirus (KSHV) binds to two sites within the 801-bp-long terminal repeat (TR) and is the only viral protein required for episomal maintenance. While two or more copies of TR are required for long-term maintenance, a single TR confers LANA-dependent origin activity on plasmid DNA. Deletion mapping revealed a 71-bp-long minimal replicator containing two distinctive sequence elements: LANA binding sites (LBS1/2) and an adjacent 29-to 32-bp-long GC-rich sequence which we termed the replication element. Furthermore, the transcription factor Sp1 can bind to TR outside the minimal replicator and contributes to TR's previously reported enhancer activity.
Kaposi's sarcoma-associated herpesvirus (KSHV) is associated with Kaposi's sarcoma (KS) and two lymphoproliferative diseases: primary effusion lymphoma and multicentric Castleman's disease (5, 6, 30) . The 140-kbp KSHV long unique region encodes approximately 90 genes, which are flanked on both sides with 20 to 40 copies of 801-bp-long GC-rich terminal repeats (TR) (20, 24, 29) . During latency, only a small subset of viral genes, including the latency-associated nuclear antigen (LANA), is expressed and the viral genome is maintained as multiple copies of episomal DNA (10, 11, 28, 32) . LANA is a functional homologue of origin binding proteins EBNA-1 from Epstein-Barr virus (EBV) and E2 from human papillomavirus (15, 22) . LANA is necessary and sufficient to support stable long-term episomal maintenance in dividing cells by (i) tethering viral episomes to cellular chromosomes (1, 2, 7, 8, 12, 13, 19, 26) and (ii) supporting the initiation of DNA replication of TR-containing plasmids (15, 17, 23) , presumably by bridging the viral origin of replication (ori) and the host cellular replication machinery. Using short-term replication assays, we have previously demonstrated that all cis-regulatory sequences required for LANA-dependent ori activity are located within a single copy of TR (17) . By performing a detailed deletion analysis, we determined the minimal replicator within TR and showed that the transcription factor Sp1 can bind to at least two sites within TR and contributes to its previously described enhancer activity (13) .
Mapping the minimal replicator within TR. The TR unit is 801 bp long and 89% GC rich (20, 29) . LANA binds in a cooperative fashion to two sites (LBS1/2) in TR located between nucleotides (nt) 571 and 610, and both binding sites contribute to ori activity as determined by short-term replication assays (12, 17) . Located directly upstream of LBS1/2 is an 89-bp highly GC-rich element adjacent to a 101-bp AT-rich region (Fig. 1A) . AT-rich stretches are often found in origins of replication and are believed to function in DNA unwinding (4) . We have previously reported that deletion of TR sequences from nt 1 to 482, including the AT-rich region, and nt 610 to 801 downstream of LBS1/2 does not decrease replication efficiency. In contrast, a deletion of the GC-rich region (up to nt 551) completely abolished replication activity. These data suggested that, in addition to LBS1/2, sequences of this GCrich element are required for ori function while the AT-rich element is dispensable (17) .
To confirm these observations, which were based on large truncations, we generated two constructs in which the AT-rich or the GC-rich element was specifically deleted from a fulllength TR. pTR⌬nt388-508 contains a 120-bp-long deletion encompassing the AT-rich stretch. In pTR⌬512-556, 48 bp was deleted from the GC-rich element (Fig. 1A) . Constructs were cotransfected with pcDNA3/LANA into 293 cells, and replication ability was scored by Southern blot analysis of DpnIresistant DNA as previously described (17) . Plasmid replication was LANA dependent, since pTR did not replicate in the absence of LANA (Fig. 1B, lane 5) . In the presence of LANA, pTR⌬nt388-508 replicated with efficiency similar to that of pTR, further confirming that the AT-rich region does not contribute to replication of small plasmids (Fig. 1B, lanes 4 and  6) . We cannot rule out a role for this element in the context of the viral episome. In contrast, pTR⌬512-556 did not replicate to any detectable level (Fig. 1C, lane 4) , confirming that sequences near LBS1/2 are required for ori function and that this requirement cannot be compensated for by GC-rich sequences located elsewhere in TR.
To map which nucleotides within this GC-rich region are vital for replication, we created 5Ј truncation mutants containing various lengths of the GC-rich element adjacent to LBS1/2 by enzyme digestion or by ligating synthetic oligonucleotides ( Fig. 2A) . Due to the lack of restriction enzyme sites, the first set of mutants with lengths between 62 and 20 bp was generated by digestion of pJH10 (TR nt 509 to 644) with KpnI/XhoI, followed by exonuclease III nuclease treatment at 4°C. As shown in Fig. 2B , plasmids containing 58, 53, or 35 bp of the GC-rich fragment replicated in the presence of LANA, while mutants containing 25 and 24 bp did not. To map the 5Ј border of this element, additional mutants covering the region between residues 35 and 25 were constructed. A plasmid containing 32 bp of the fragment replicated with activity comparable (91%) to that of pJH10 containing 62 bp (compare 2D, lane 7); a mutant containing 27 bp showed no detectable replication (Fig. 2D , compare lanes 6, 7, and 8). These data show that the minimal GC-rich sequence that confers LANAdependent DNA replication is between 29 and 32 bp long. Furthermore, the functional minimal replicator is located between nt 539 and 610 and consists of two functional elements, LBS1/2 and a 29-to 32-bp-long GC-rich sequence, which we termed the replication element (RE) (Fig. 2A) .
Sp1 binds to TR and contributes to TR enhancer activity but not to ori activity. TR can function as a transcriptional enhancer, suggesting that cellular transcription factors bind TR (13, 34) . We wanted to determine whether sequences within the GC-rich element contribute to the observed enhancer activity. A luciferase reporter was prepared by cloning TR⌬nt512-556 into the pGL3 promoter upstream of a simian virus 40 (SV40) promoter and used in transient-transfection assays in CV-1 cells. pGL3-TR augmented transcription fourto fivefold more than pGL3 did; however, the deletion mutant TR⌬nt512-556 showed about a 50% decrease in luciferase activity (Fig. 3A) . Analysis of the TR sequence for the presence of transcription factor binding sites revealed three GCbox consensus sites for Sp1 (GGGGCGGGG) (18) . Surprisingly, one of these sites is located at nt positions 523 to 531 within the deleted sequence of TR⌬nt512-556, while two more are located at nt 242 to 259 and nt 623 to 631 (Fig. 3B ). Sp1 binding sites have been identified in a variety of origins of replication, including the ori of SV40; however, it is not clear how transcription factors contribute to replication (for a review see references 4 and 14). All three Sp1 sites are located outside of the minimal replicator (nt 539 to 610) and therefore are not required for LANA-dependent replication of plasmid DNA.
To determine whether Sp1 binding is responsible for the TR enhancer activity, we cotransfected CV-1 cells with either pGL3-TR or pGL3-TR⌬nt512-556 and increasing amounts of pEBGN-Sp1 (25) encoding a dominant-negative (DN) Sp1. Luciferase expression of both constructs was inhibited in a dose-dependent manner, suggesting that Sp1 augments transcription from TR (Fig. 3C) . The observed inhibition was similar to that observed when LANA is bound to LBS1/2; cotransfection of both LANA and DN Sp1 did not further suppress transcription, suggesting that the TR enhancer activity is suppressed under conditions where LANA is bound to TR (Fig.  3C) . To directly prove Sp1 binding to TR, we performed an electrophoretic mobility shift assay with recombinant Sp1 and a radiolabeled probe containing LBS1/2, the RE, and two flanking Sp1 binding sites (Fig. 3D) . In the presence of Sp1, two complexes formed (Fig. 3D, lane 2) , consistent with the presence of two Sp1 binding sites. Specificity was further confirmed by addition of a monoclonal Sp1 antibody (Fig. 3D, lane  4) and by adding increasing amounts of cold competitor (Fig.  3D, lanes 6 to 9) , both of which prevented complex formation. These data, together with the reporter assays, demonstrate that Sp1 binds to TR and contributes to its enhancer activity.
The role of Sp1 binding to TR in the viral life cycle is currently unclear. The fact that LANA suppresses transcription when bound to TR seems to negate a model by which Sp1 directly contributes to DNA replication. This notion is further strengthened by the fact that all three Sp1 sites within TR are located outside the minimal replicator (nt 539 to 610); hence, Sp1 binding does not contribute to LANA-dependent DNA replication. The ability of TR to function as a transcriptional enhancer might contribute to the regulation of viral gene expression in a LANA-dependent manner. For instance, expression of K1, the gene at the left end of the KSHV genome, is suppressed during latency but significantly induced during lytic growth (20, 21) . Whether this suppression is caused by LANA binding to TR needs to be further investigated in latently infected cells. Interestingly, the TR of EBV also contain Sp1 and Sp3 binding sites, and it has been suggested that these factors do not regulate transcription but might play a role in genome circularization following de novo infection (31, 33) .
Our mapping data demonstrate the presence of a second essential cis-regulatory element, termed RE. Deletion analysis mapped the length of RE between 29 and 32 bp, which, together with LBS1/2, constitutes the minimal replicator of 71 bp in length. The RE may function as a loading pad for cellular proteins involved in DNA replication; however, computer-assisted sequence analysis did not reveal any homologies to known cis-regulatory elements. In vitro, LANA has been shown to interact with origin recognition complex proteins (23) , and studies to address whether cellular proteins bind directly to RE (in the presence and absence of LANA) are ongoing. While most origins of replication contain AT-rich sequences close to the initiation site, it was shown for the origin of SV40 that melting occurs at a GC-rich element (3) . These data together with our previously reported characterization of LANA binding to TR (12, 13) define an ori structure, which is strikingly different from oriP of EBV (Fig. 4) . The KSHV ori is positioned in TR, while EBV oriP is located within the coding region of the viral genome. As a consequence, KSHV has multiple origins, which may provide a function for segregation similar to that of the family of repeats in oriP. This hypothesis is supported by the fact that a single TR is sufficient for DNA replication while long-term episome maintenance requires multiple copies of TR (1, 2, 12, 13) . The dyad symmetry (DS) element of EBV contains four EBNA-1 binding sites that are organized as two pairs, each containing a highaffinity site and a low-affinity site spaced by 21 bp (22, 27, 35, 37) . Similarly, LANA has a high-and a low-affinity binding site spaced by 22 bp (12) . Although the sequences differ, the organization of LBS1/2 resembles half of a DS element, which is sufficient for replication in plasmid-based assays (16, 36) . Flanking sequences of the DS element modulate ori activity but are not required for function (9, 36) . This is different for KSHV, where LBS1/2 alone does not have ori activity and in addition requires the RE. In summary, the origins of replication of rhadinoviruses and lymphocryptoviruses have significantly diverged. Therefore, a detailed analysis of the KSHV ori structure may not only increase our knowledge of gammaherpesvirus latent replication but also provide an attractive model to study the interaction of host cellular factors and origins of replication in metazoan cells.
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